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A field experiment was conducted to determine the relative contributions of immigration and sexual reproduction to the genetic structure of Mycosphaerella graminicola populations during the course of an epidemic. The genetic structure of M. graminicola populations sampled from wheat plots inoculated artificially with 10 isolates was compared with control plots infected naturally by airborne ascospores. Restriction fragment length polymorphisms (RFLPs) were used to test the randomness of associations among loci, and DNA fingerprints were used to identify clones. All isolates in the control plots had unique genotypes and RFLP loci were at gametic equilibrium, findings consistent with random mating. The proportion of isolates in the inoculated plots with DNA fingerprints that differed from the 10 inoculated isolates increased from 3% in the early to 39 and 34% in the mid-and late season, respectively. The degree of gametic disequilibrium was higher in the mid-season than in the late-season population. By the end of the growing season, we estimate that 66% of the isolates in the inoculated plots were asexual progeny of the 10 inoculated isolates, 10% were immigrants, and 24% were sexual recombinants. The proportion of infections caused by ascospores increased over the growing season.
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Migration and mating system may have profound effects on the genetic structure of fungal populations. Migration increases the gene diversity of local populations by introducing novel alleles from other populations. It also decreases genetic differentiation among populations by equalizing allele frequencies across populations. Knowledge of migration rate may help predict how fast novel genotypes with fungicide resistance, virulence genes, or both will spread among populations (22) . Mating system affects the genotype diversity of populations, but it is not expected to affect gene diversity. Populations exhibiting largely asexual reproduction tend to have low genotypic diversity arrayed as a limited number of clonal lineages (15) . As a result, asexual populations are expected to exhibit a significant degree of nonrandom association among unlinked loci (gametic disequilibrium) (25) . In contrast, sexual populations are expected to exhibit a high degree of genotypic diversity and random associations (gametic equilibrium) among neutral loci as a result of the reassortment of unlinked genes during meiosis. For example, in Puccinia graminis f. sp. tritici, Burdon and Roelfs (4) found that populations undergoing sexual reproduction had more genotypes than those with strictly asexual reproduction. Roelfs and Groth (29) detected a low and continuous decline in race diversity over time in populations with asexual reproduction. Nonrandom associations between isozyme alleles and virulence genes were found in the asexual populations, but not in the sexual populations (4) .
The relative impacts of migration, sexual reproduction, and asexual reproduction on the genetic structure of a fungal population will depend on features of its ecology and biology. Species dispersed by airborne spores are likely to exhibit higher rates and distances of migration than species that produce only splash-dispersed spores. Environmental conditions are likely to affect the timing and rates of formation of sexual and asexual fruiting bodies (27) .
Although it is known that many fungi exhibit a mixture of sexual and asexual reproduction in nature (17) and that migration among populations can be significant (15, 24) , it is difficult to determine how migration interacts with sexual reproduction and asexual reproduction to affect the genetic structure of fungal populations. Statistical analyses of population subdivision (34, 35) and departures from gametic disequilibrium (6) in natural populations may provide indirect measures of gene flow and mating system parameters. For example, Brown and Wolfe (3) estimated that about 24% of the primary inoculum of Erysiphe graminis f. sp. hordei was ascospores by comparing gametic disequilibrium at two different times in the year. However, experiments with marked isolates ultimately are needed to make direct estimates of rates of migration and sexual recombination in field populations. These experiments are now possible given the availability of molecular markers that are sensitive enough to distinguish asexual progeny from novel genotypes and the statistical methods that can separate recombinants from immigrants.
Mycosphaerella graminicola (Fuckel) J. Schroeter ex Cohn (anamorph Septoria tritici Roberge ex Desmaz.) is a haploid fungus that causes Septoria tritici leaf blotch on wheat. This pathogen is distributed worldwide (9) and causes significant losses in many wheat-growing areas (10, 14, 31) . The incidence and economic significance of Septoria tritici leaf blotch have increased steadily since the 1960s as a result of the widespread and rapid replacement of local cultivars with early-maturing, semidwarf, higher-yielding cultivars that are susceptible to this pathogen (8) . Changes in cultural practices (8, 16 ) and applications of phosphorus fertilizer (16) have also contributed significantly to the increased disease incidence.
The most economical method for controlling Septoria tritici leaf blotch is to use genetic resistance (36) . Breeding of resistant culti-vars is impeded by the complex inheritance of resistance (28, 30, 32, 38) and by the positive association of resistance with late maturity and tall stature (8) . Resistance in wheat cultivars may break down as a result of selection for corresponding virulence in the pathogen population (26) . Both mating system and migration will significantly affect the response of the pathogen population to selection.
Previous studies indicated that sexual reproduction plays a significant role in the population genetics of M. graminicola (6) and in the epidemiology of the disease (33) . The teleomorph has been identified in several countries (14) . Ascospores produced by the teleomorph are dispersed by wind (16) , and pycnidiospores produced by the anamorph are disseminated by rain splash (14) . It was hypothesized that airborne ascospores originating from wheat stubble between seasons served as the primary inoculum at the start of the growing season, while secondary inoculum during the growing season was from splash-dispersed asexual pycnidiospores (18, 33) . However, more recent studies indicated that ascospores originating from within the crop canopy may contribute to disease spread during the growing season (12, 13) . The objective of this study was to quantify the relative contributions of immigration, sexual reproduction, and asexual reproduction to the genetic structure of M. graminicola populations through the course of a growing season.
MATERIALS AND METHODS
The experiment was conducted at the Oregon State University Botany and Plant Pathology Field Laboratory in Corvallis during the 1994-1995 winter wheat season. Field plots were arranged in a randomized complete block design with four replications. Wheat plots were planted in a checkerboard pattern with plots of barley (a nonhost for this M. graminicola population) separating each plot of wheat. Each replication contained three plots planted either to the wheat cultivar Madsen or Stephens or to a 50:50 mixture of 'Madsen' and 'Stephens'. Plots were 3.3 m (12 rows) × 5.3 m in size. The site used for this experiment was not planted to wheat in previous years, and the nearest wheat field was approximately 3 km away.
Ten isolates of M. graminicola having different DNA fingerprints were inoculated onto the wheat seedlings in November 1994. Five of these isolates, S1 to S5, were collected at Corvallis in the previous year from 'Stephens'. The other five isolates, M1 to M5, were collected at Corvallis in the previous year from 'Madsen'. Spores from the 10 isolates were mixed in equal proportion, and an aqueous suspension of one million spores per milliliter was sprayed onto three of the four replications using small, hand-carried sprayers. The fourth (control) replication was inoculated naturally by airborne ascospores. Samples consisting of 100 infected leaves were collected from the inoculated plots on 10 February, 3 April, and 2 June 1995, hereafter referred to as early, mid-, and late season, respectively. For the early-and late-season collections, infected leaves were sampled from all nine inoculated plots. In the mid-season, only the three inoculated plots of 'Stephens' were sampled. Sixty infected leaves were collected on 10 February 1995 from the control plots. In all cases, leaves were sampled from the inner eight rows of each plot. Each leaf was sampled from a different plant. The leaves were airdried at room temperature for 2 weeks before fungal isolations were made, as described previously (5) .
DNA extraction, restriction enzyme digestion, Southern blotting, and hybridization. Total DNA from each isolate was extracted using cetyltrimethylammonium bromide, as described previously (19) . Five micrograms of DNA from each isolate was digested with the restriction enzyme PstI. DNA fragments were separated by electrophoresis through 0.8% agarose Tris-borate-EDTA gels. The DNA fragments in the agarose gels were transferred to nylon membranes by alkaline capillary transfer. Afterward, the membranes were dried and stored in sealed plastic bags until needed. Nine anonymous DNA probes (pSTS192, pSTS43, pSTS2, pSTS197, pSTL53, pSTL31, pSTS14, pSTL10, and pSTL70) (19) were hybridized sequentially to the Southern blots. Probe pSTL70 is a DNA fingerprinting probe that hybridizes to a moderately repetitive DNA sequence dispersed across several chromosomes (20) . The remaining eight probes hybridized to nine restriction fragment length polymorphism (RFLP) loci distributed across nine chromosomes (pSTS192 hybridizes to two unlinked loci [21] ). The probes were radioactively labeled with dCT 32 P via nick translation. The labeled probes were allowed to hybridize to the membranes overnight at 60°C in a hybridization incubator. Following hybridization, the membranes were washed according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA) and exposed to X-ray film at -80°C. The radioactive probes were stripped off the membranes after the films were developed, following the manufacturer's instructions (Bio-Rad Laboratories).
Data analysis. For the eight probes that hybridized to single loci, only alleles that could be scored unambiguously were included in the analysis. Isolates with identical DNA fingerprints were treated as individual members of the same clone (20) , the products of asexual reproduction. Isolates with DNA fingerprints that matched 1 of the 10 inoculated isolates were excluded from analyses of gametic disequilibrium described below.
Analysis of variance on proportions of novel isolates were performed by SAS (SAS Institute, Cary, NC) using the general linear model. Before performing analysis of variance, proportions were transformed by taking natural logarithms. Comparisons of allele frequencies between control and inoculated plots were based on the contingency chi-squared test proposed by Everitt (7) .
To determine if gametic disequilibrium existed in any collection of isolates, the significance of multilocus associations was measured with the method proposed by Brown et al. (2) as follows. Let K be the number of loci that have different alleles (these are termed heterozygous loci even though M. graminicola is haploid) when two random gametes (for haploid organisms, gametes are equivalent to individuals) are compared at these loci; p ji and p lk are the gene frequencies of the ith allele at the jth locus and the kth allele at the lth locus, respectively. The observed variance of K heterozygous loci will then be
in which h j is the single-locus gene diversity and D ik jl is the gametic disequilibrium between the ith allele at the jth locus and the kth allele at the lth locus. Assuming that allelic distributions among loci are independent, the sampling variance of S k 2 will be If the observed S k 2 exceeds L 1 or L 2 , the null hypothesis of independence between locus pairs will be rejected at p = 0.05 and 0.01 levels of significance, respectively.
To determine which pairs of loci contributed to the overall disequilibrium detected by Brown's method, the significance of gametic disequilibrium between all pairwise combinations of RFLP loci was calculated with the methods proposed by Weir (37) . A chisquared test for departures from gametic equilibrium across all k alleles for the first locus and l alleles for the second locus was formulated as
or loci that had significant disequilibrium, a test to determine which pairs of alleles at those loci exhibited nonrandom associations was formulated as
n which P u and P v were the observed frequencies of alleles u and v for any two loci, n was the sample size, and $ D uv was the maximum likelihood estimate for the coefficient of disequilibrium between alleles u and v. These chi-squared statistics had (k -1)(l -1) degrees of freedom for locus-by-locus comparisons and 1 degree of freedom for allele-by-allele comparisons. For the locus-by-locus comparisons, rare allele pairs could cause a high value for the chisquared test because of a low expected number in the denominator, causing a statistically significant but spurious departure from random association. To diminish the effect of rare allele pairs, all alleles present at frequencies less than 0.10 were pooled into a single category.
Differentiating immigrants and recombinants. The proportion of novel genotypes resulting from sexual recombination among the inoculated isolates within the plot and resulting from immigration from outside the inoculated plots was estimated using absolute and relative probabilities for each novel genotype. Absolute probabilities were calculated based on both an immigration model and a sexual recombination model as follows. Let the frequency of allele i at locus j under the immigration (I) model and recombination (R) model be p ij I and p ij R respectively. Assume loci are neutral (23) and populations are random mating (6) . The probability that a genotype will then contain the ith allele at the jth locus across all loci as a result of immigration or recombination will be
respectively. For example, the probability that a novel genotype with allele 1 at all loci originated by immigration will be the product of the frequency of allele 1 for every locus in the source population,
The allele frequencies for the immigration model were based on the allele frequencies in the naturally infected control plots. Similarly, the probability that a novel genotype with allele 1 at all loci originated by recombination will be the product of the frequency of allele 1 for every locus in the population of potential parents,
The allele frequencies for the recombination model were estimated using allele frequencies calculated from inoculated plots in the previous collection. For example, the absolute probability of occurrence for each novel genotype in the late-season collection was estimated using allele frequencies of all isolates in the inoculated plots in the mid-season collection.
The relative probability of a novel genotype having the ith allele at the jth locus resulting from recombination in the population will be
Similarly, the relative probability of a novel genotype having the ith allele at the jth locus resulting from immigration in the population will be
Isolates with relative probabilities of being recombinants or immigrants ≥90% were assigned to categories "recombinant" and "immigrant", respectively. Isolates with probabilities <90% were assigned to the category "uncertain" to indicate their lower probability of being either an immigrant or a recombinant. Our expectation was that ascospore showers that infected the control plots were likely to infect the inoculated plots equally. This assumption is supported by previous experiments showing that the natural M. graminicola population was stable at this site over the course of the growing season and across years (5) .
Simulation of probability model. To test the ability of this probability method to differentiate between immigrants and recombinants, we conducted a simulation based on random sampling from an artificial population of recombinants and immigrants. The haplotypes of the recombinants in the simulated population were based on the alleles present in the first collection from the inoculated plots. All possible 2,304 haplotypes were generated by joining the alleles for each of the nine loci in all possible combinations. The expected incidence of each haplotype in a sample of 10,000 individuals was calculated as the product of the allele frequencies multiplied by 10,000. For example, consider haplotype 112333263, which had allele "1" at the locus 1, allele "1" at locus 2, allele "2" at locus 3, etc. The frequencies of alleles 1, 1, 2, 3, 3, 3, 2, 6, and 3 were 1.0, 1.0, 0.2, 0.4, 0.4, 0.1, 0.5, 0.4, and 0.7, respectively, in the first collection from the inoculated plots. Following random mating, the expected frequency (absolute probability of occurrence) of the 112333263 haplotype is 4.48 × 10 -4 , and this haplotype would be found four times in the simulated recombinant population. Haplotypes with expected occurrence lower than 0.50 were not included in the simulated population. As a result, a total of 9,813 individuals representing 726 haplotypes was present in the simulated recombinant population. All of these individuals were marked with an R.
The simulated immigrant population was generated in an identical manner based on the alleles and allele frequencies present in the noninoculated plots. In total, 34,560 haplotypes were generated. After removing haplotypes with an expected occurrence lower than 0.50, a total of 9,325 individuals distributed among 2,347 haplotypes remained in the simulated immigrant population. All of these individuals were marked with an I.
The simulated immigrant and recombinant populations were mixed to form a population of 19,138 individuals. From this mixed population, a random sample of 100 individuals was drawn without replacement. The actual (observed) frequencies of recombinants and immigrants in the sample were based on the actual number of individuals in the sample marked with R and I. The estimated (expected) frequencies of recombinants and immigrants in the sample were based on the probability model. Each individual was assigned an absolute and relative probability of being a recombinant or immigrant based on allele frequencies in the inoculated or control populations, respectively. Individuals with F R or F I ≥90% were placed in the categories recombinant or immigrant, respectively. All other individuals were placed in the uncertain category. The estimated percentage of individuals in the recombinant and immigrant categories based on relative probabilities was compared with the actual percentage in the sample. Estimated and actual frequencies of recombinants and immigrants were calculated for 100 random samples from the mixed population. In addition, the number of isolates incorrectly assigned into the recombinant and immigrant categories (i.e., an I isolate with F R ≥90% or an R isolate with F I ≥90%) was tabulated for each sample.
RESULTS
A total of 1,410 M. graminicola isolates was analyzed using the RFLP markers. From the inoculated plots, 582 isolates were sampled during the early season, 183 from the mid-season, and 600 from the late season. Forty-five isolates were sampled from the control plots. The frequency of novel isolates in the inoculated plots increased from 3% in the early-season to 39 and 34% in the mid-and late-season collections, respectively. Pairwise differences in frequency were significant, except between the mid-and lateseason collections. None of the 10 inoculated isolates were found in the collections made from the control plots.
In collections from the inoculated plots, only novel isolates were included in estimates of allele frequencies used for contingency chi-squared tests and calculations of gametic disequilibrium. Because the frequency of novel isolates was very small (3%) in the early-season collection, only the control plots and mid-and lateseason collections from the inoculated plots were characterized for gametic disequilibrium. Alleles with frequencies greater than 0.05 in these three collections are shown in Table 1 . Some allele frequencies differed significantly among the collections, e.g., allele 3 of the pSTS197-PstI locus had frequencies of 0.045, 0.171, and 0.239 in the control, mid-, and late-season collections, respectively. Some rare alleles (e.g., allele 21 at locus pSTL31-PstI) appeared either in the control plots or the inoculated plots, but not both. All isolates had the same allele at the pSTS192B-PstI locus, so this locus was not included in any of the analyses. Allele frequencies at two out of the eight remaining loci differed significantly between the control plots and the mid-season inoculated plots, and three out of eight loci had significantly different allele frequencies between the control plots and the late-season inoculated plots (Table 2) . Table 3 summarizes the analyses of multilocus associations among RFLP loci in the M. graminicola collections. In the collection from the control plots, the observed variance in heterozygosity ( S k 2 ) did not exceed either L value. S k 2 was significantly higher than expected in the collections from the inoculated plots.
When all allele pairs were used in locus-by-locus measures of gametic disequilibrium, the number of locus pairs showing significant deviations from equilibrium was 1, 14, and 10 out of 28 comparisons for collections from the control (Table 4 ) and mid- (Table  5 ) and late-season (Table 6 ) inoculated plots, respectively. When pooled allele frequencies were used, the number of locus pairs in gametic disequilibrium increased to 3 for the collection from the control plots and decreased to 11 and 8 for collections from the mid-and late-season inoculated plots, respectively (Tables 4 to 6 ).
The locus pairs at gametic disequilibrium after excluding rare allele pairs were analyzed further using allele-by-allele comparisons. Allele pairs occurring at significantly higher-than-expected frequencies and putative parental isolates are shown in Table 7 . In the mid-season collection, 30 out of 104 comparisons showed significant disequilibrium. Nine of these thirty allele pairs occurred at significantly higher-than-expected frequencies. In the late-season collection, 22 out of 129 comparisons showed significant disequilibrium. Ten of these twenty-two allele pairs occurred at significantly higher-than-expected frequencies. In both collections, the majority of allele pairs occurring at higher-than-expected frequencies corresponded to allele pairs present among the 10 inoculated isolates.
The relative probabilities of occurrence for each novel genotype under the models of immigration or recombination among the 10 inoculated isolates are shown in Figure 1 . In the mid-season collection, 32 novel isolates had complete data for this analysis. Among these isolates, 20 had ≥90% relative probability of being recombinants or immigrants. Four (20%) of the twenty isolates were assigned to the recombinant category and sixteen (80%) were assigned to the immigrant category. Twelve isolates were placed in the uncertain category. In the late-season collection, 155 novel isolates had complete data for this analysis. Among these isolates, 56 had ≥90% relative probability of being recombinants or immigrants. Thirty-nine (70%) of the fifty-six isolates were assigned to the recombinant category and seventeen (30%) were assigned to the immigrant category. Ninetynine isolates were placed in the uncertain category. Results from the computer simulation of the probability method are shown in Figure 2 . There was a significant correlation (r = 0.78) between the observed frequencies of recombinants and immigrants in the random sample and the expected frequencies calculated using the probability method described above (Fig. 2) . On average, 2% of the isolates were incorrectly placed into the recombinant and 4% were incorrectly placed into the immigrant categories. As a further test of the reliability of the probability method, 10 isolates were selected randomly from the late-season collection for each of the three categories, and their DNA fingerprints were compared with those of the 10 inoculated isolates. By this comparison, we hoped to directly validate the probability method by identifying recombinant isolates that shared fragments found in the DNA fingerprints of putative parents (Fig. 3) . We found no putative recombinants among the 10 isolates chosen from the immigrant category, while three and nine putative recombinants were identified among isolates chosen from the uncertain and recombinant categories, respectively.
DISCUSSION
Neutral DNA markers were used to estimate the relative contributions of immigration, sexual reproduction, and asexual reproduction to the genetic structure of a M. graminicola population during the course of a field epidemic. Our results indicate that the importance of sexual reproduction increased and the role of immigration decreased during a winter wheat growing season. At the time of the second collection, we estimate that 8% of the population originated from recombination, 31% originated by immigration, and 61% were the asexual descendants of the original 10 inoculated isolates. By the time of our third collection, we estimate that 24% of the population originated from recombination, 10% originated from immigration, and 66% by asexual reproduction.
In collections from the inoculated plots, the proportion of novel isolates increased from 3% in the early season to 39% in the midseason. We believe that few novel genotypes were detected in the inoculated plots early in the season because the lesions originating from the natural ascospore cloud were vastly outnumbered by the a Numbers above and below the diagonal are chi-squared values and their corresponding degrees of freedom (in parentheses) before and after rare alleles (alleles present at frequencies less than 0.10) were pooled into a single category, respectively. b * = Significant at p = 0.05. a Numbers above and below the diagonal are chi-square values and their corresponding degrees of freedom (in parentheses) before and after rare alleles (alleles present at frequencies less than 0.10) were pooled into a single category, respectively. b * = Significant at p = 0.05. ** = Significant at p = 0.01. *** = Significant at p = 0.001. lesions originating from the hundreds of millions of pycnidiospores introduced artificially into each plot. The novel genotypes that emerged later in the season could have resulted from ascospores that immigrated from outside of the experimental plots or from sexual reproduction among the isolates within the plots. To differentiate immigrants from recombinants, we compared the genetic structures of M. graminicola collections from control plots and inoculated plots in the same field. Our rationale was that the genetic structure of the M. graminicola collections would be the same if both had originated from the same ascospore cloud. Statistical differences in the genetic structures of the two populations would imply different origins for the populations, i.e., immigration versus recombination.
Our results support the hypothesis that the M. graminicola isolates in the control plots originated from ascospores unrelated to the 10 inoculated genotypes, while a significant fraction (~70% by late season) of the novel isolates in the inoculated plots originated from sexual recombination among the 10 inoculated isolates. This hypothesis was supported by five lines of evidence. (i) Significant differences in allele frequencies were present between collections from the control and inoculated plots. (ii) Alleles at individual RFLP loci were at gametic equilibrium in the control plots, but disequilibrium existed in the inoculated plots. (iii) Most allele pairs that occurred at higher-than-expected frequencies corresponded to allele pairs present among the 10 inoculated isolates. (iv) A large fraction of the novel multilocus haplotypes exhibited a higher probability of originating from recombination than from immigration. (v) Comparisons of DNA fingerprints and single-copy RFLP loci showed that most novel isolates in the recombinant category possessed the same DNA fragments and RFLP alleles, respectively, present in the inoculated isolates (Fig. 3) . None of the isolates in the immigrant category had DNA fingerprints or multilocus haplotypes consistent with recombination among the inoculated isolates.
Each novel multilocus haplotype was assigned into an immigrant, recombinant, or uncertain category based on the relative probability of being a recombinant or immigrant (Fig. 1) . Some novel isolates could immediately be assigned to the immigrant category because they possessed RFLP alleles found in the control population but not in the 10 inoculated isolates or the previous collection. In the recombinant category, many novel isolates had alleles found at a high frequency in the 10 inoculated isolates and at a low frequency in the control plots. The simulation validated the use of absolute and relative probabilities to differentiate immigrants and recombinants in a field setting. The simulation indicated that the probability method could differentiate between immigrants and recombinants with 96 to 98% accuracy. The simulation also showed that the estimated frequencies of immigrants and recombinants were highly correlated with the observed frequencies of immigrants and recombinants in each sample.
Each of the three methods used to measure gametic disequilibrium gave the same result. The collection from the control plots was in gametic equilibrium, while the mid-and late-season collections from the inoculated plots had significant levels of gametic disequilibrium. The gametic equilibrium in the control plots supported the hypothesis that the primary inoculum for these plots was ascospores. The disequilibrium among the novel isolates in the inoculated plots was interpreted as evidence for recombination among the inoculated isolates.
Analyses of multilocus associations according to Brown et al. (2) are less influenced by rare allele pairs than the methods proposed by Weir (37) . One drawback of Brown's method is that it ignores the behavior of particular allele combinations. Therefore, we further evaluated multilocus associations with the locus-bylocus methods of Weir. Locus-by-locus comparisons also did not provide evidence for meaningful gametic disequilibrium in the control population. The finding of a large number of different genotypes and independent associations among RFLP alleles suggests that these isolates of M. graminicola originated from ascospore showers (6) .
In collections from the inoculated plots, the variance in the number of loci having different alleles (heterozygous) when two individuals were compared ( S k 2 ) was significantly higher than expected (Table 3) . Locus-by-locus comparisons also indicated a strong nonrandom association among many RFLP loci (Tables 5 and 6 ), suggesting that at least some of these isolates of M. graminicola originated from sexual recombination among the 10 inoculated isolates. Allele-by-allele comparisons indicated that 52 out of 233 allele pairs exhibited a significant departure from gametic equilibrium in the mid-season and late-season collections. Sixteen (31%) of these fifty-two allele pairs corresponded to allele pairs present in the inoculated isolates. The frequency of inoculated isolate M1 decreased significantly during the growing season. Isolate M5 first increased and later decreased in frequency during the growing season (J . Zhan and B. A. McDonald, unpublished data) . We suspect that both of these isolates were involved in sexual reproduction during the course of the epidemic. Indeed, isolates M1 and M5 were the potential parents for 11 (58%) out of 19 allele pairs that occurred at significantly higher-than-expected frequencies.
The mid-season collection had a higher degree of gametic disequilibrium than the late-season collection. The mid-season collection departed from gametic equilibrium at p = 0.01 compared with significance at p = 0.05 in the late-season collection ( Table 3) . The decline in gametic disequilibrium during this period probably was due to continuous intermating among the novel or inoculated isolates rather than immigration of new ascospores. In the mid- Fig. 1 . The relative probability of novel Mycosphaerella graminicola isolates originating from immigration or sexual recombination in the A, mid-season or B, late-season collections. Novel isolates with ≥90% probability of being immigrants or recombinants are present beyond the 90% dashed lines. Novel isolates with lower probability of being recombinants or immigrants were placed in the uncertain category between the dashed lines. Fig. 2 . Simulation of probability method used to differentiate recombinants and immigrants. Actual frequencies of recombinants in 100 random draws from a mixed population of immigrants and recombinants were compared with the estimated frequencies calculated using the probability method described in the text. Fig. 3 . DNA fingerprints of inoculated Mycosphaerella graminicola isolates M1 and S1 and putative recombinant progeny R1, R2, and R3. DNA fingerprint probe pSTL70 was hybridized to DNA digested with PstI. Multilocus haplotypes based on eight other probes that hybridized to nine independent loci are indicated above each lane. Novel isolates R1, R2, and R3 have reassorted DNA fingerprint fragments (indicated with arrows) and restriction fragment length polymorphism alleles (multilocus haplotypes above each lane) in common with inoculated isolates M1 and S1.
season, we estimated that immigrants accounted for 80% of the novel isolates. This proportion decreased to 30% in the late season. This suggests that immigration had a stronger impact on the genetic structure of M. graminicola populations in the early and mid-season compared with the late season.
The statistical power to detect disequilibrium between alleles of different loci is affected by sample sizes and allele frequencies. The power decreases when sample sizes are small, and it decreases further when loci have low gene diversity (11, 39) . Unless allele frequencies are intermediate and gametic disequilibrium is strong, a relatively large sample size (>50) is needed to detect a nonrandom association (1) . Therefore, the inferences obtained from small sample sizes might not be robust (25) . In our experiment, the sample size used to calculate gametic disequilibrium was only 45 for the population made from the control plots. This sample size was suboptimal for this type of analysis, but we do not believe that it affected our conclusions. With a much larger sample size of 617 isolates from the same experiment station 4 years earlier, we did not detect any gametic disequilibria in a naturally inoculated field (6) .
Our experiment illustrates a general method that may be used to estimate the relative contributions of immigration, sexual reproduction, and asexual reproduction in field populations of pathogenic fungi. The application of this method requires some knowledge of the genetic structure of local natural populations and polymorphic, reproducible, neutral genetic markers. The power of the experiment is optimized by choosing inoculated isolates with rare alleles not present in the local population. Alternatively, the inoculated collection of isolates should have allele frequencies that differ significantly compared with the natural local population.
